The ZnO:AI films were prepared using a two-step process through the control of oxygen pressure by DC-pulsed magnetron sputtering. The seed layers were prepared with various Ar to oxygen pressure, and the bulk layers were deposited under pure Ar. At the seed-layer condition of Ar/02 = 24/1 (Ar rich), the seed layer showed grains that led to the formation of hillock, and the grains of seed layer were seem to act as nucleation sites for columnar growth of bulk layer. While, at the seed-layer condition of Ar/02 = 4/1 (oxygen rich), grains show large lateral growth with a nonuniform distribution, and a number of dislocations are shown in grains.
INTRODUCTION
Transparent conducting oxides (TCOs) have been used for a variety of optoelectric devices, such as flat panel displays and thin-film solar cells [1] [2] [3] . Among the various TCOs, ZnO:AI has been the object of significant research activities for Si thin-film solar cells, because of its easy texturing by wet-chemical etching and large feature size compared with that of Sn02:F. Surface texturing extends the effective path length of the scattered light within the active Si layers, which can result in the minimization of the thickness of the Si layers, while maintaining the efficiency, leading to a decrease of the production cost [2] . Also, the large feature size of the surface texture results in high haze (diffused light/total-transmitted light), which increases the degree of light trapping [3] . This etching behavior is very sensitive to the crystallinity of the as-deposited film [4] .
In addition, one method of increasing the transparency while maintaining the resistivity is to improve the carrier mobility, due to free carrier absorption, and the carrier mobility can be improved by increasing the crystallinity [5] . There have been a few reports on the use of seed layers such as ZnS, LU20 3 , and SiC for improving the crystallinity 978-1-4244-5892-9/10/$26.00 ©2010 IEEE of ZnO films, but these seed layers incur an additional process cost [6] [7] [8] . Recently, Kang et. al reported a two step process involving the control of the oxygen flow, and a significant improvement in the degree of crystallinity was shown with the use of a seed layer [9] . However, there have been no studies in which the deposition conditions of the seed layer were examined. Herein, we report on the microstructural changes and optical/electrical properties of ZnO:AI films as a function of the Ar to oxygen pressure during the deposition of the seed layer.
EXPERIMENTAL PROCEDURES
The ZnO:AI films were depOSited on Corning 1737 glass by pulsed-DC magnetron sputtering using a ZnO:AI target with 2 wt. % Ab0 3 at a deposition temperature of 320°C. To systematically examine the characteristics of the ZnO:AI films as a function of the deposition condition of the seed layer, seed layers were prepared with various Ar to oxygen pressure ranging from 24/1 to 4/1 and the bulk layers were depOSited under pure Ar. Also, a sample without a seed layer was prepared as a reference. The working pressure was fixed at 1.5 mTorr during all of the deposition steps. Surface texturing was performed by wet-chemical etching using dilute HCI acid (0.5%) at room temperature to investigate the light-scattering characteristics.
The sheet resistances of etched films were adjusted to 5.2±0.2 Of--by changing the etching time.
The change of growth mode with different seed-layer condition was examined by transmission electron microscopy (TEM : CM20TfSTEM, Philips). The microstructure was analyzed by x-ray diffraction (XRD : DfMAX-IIIC, Rigaku). The four-point probe method was used to evaluate the sheet resistance and resistivity. The surface morphology was examined in a scan area of 100 fJm 2 by atomic force microscopy (AFM : Nanoscope lila, Digital Instrument). The transmittance was obtained in the range from 350 nm to 1100 nm by means of a spectrophotometer (Cary 5000, Varian) and the haze values were calculated with specula components and diffuse components. The thicknesses were measured by a surface profiler.
RESULTS AND DISCUSSION
The TEM images of the ZnO:AI films with different seed layer conditions are shown in Fig. 1 . The thickness of seed layers was fixed to -80 nm, and the samples were sequentially prepared with the increase of bulk thickness to observe the growth mode. The ZnO:AI films with different seed-layer conditions show clearly different microstructures. The seed layer at the condition of Ar/02 = 24/1 shows grains that result in the formation of hillock with some distance (Fig. 1 (a) ). The shape of grains is maintained to the bulk thickness of 100 nm. Finally, the columnar structure is observed at the sample with the bulk thickness of 1 IJm, and the grains of seed layer with hillock may be shown to act as nucleation sites for columnar growth of bulk layer. While, the seed layer at the condition of Ar/02 = 411 shows grains with a nonuniform distribution, and the surface is flat (Fig. 1 (b) ). The sample with the bulk thickness of 1 00 nm shows vertical grain growth with a nonuniform distribution. Finally, the sample with the bulk thickness of 1 IJm shows a number of dislocations in grain with large lateral growth. The surface roughness of seed layer was measured by AFM.
The root-mean-square (RMS) values of the surface roughness were 6.9 nm and 0.69 nm at seed-layer conditions of Ar/02 = 24/1 and Ar/02 = 411, respectively, and the result is well correlated with the TEM images of Fig. 1 . Figure 1 images of the ZnOT. ffl,;;; ;-; ;;�;tit; :' '' nt seed-layer conditions of (a) Ar/02 = 24/1 (Ar rich) and (b) Ar/02 = 411 (oxygen rich). The samples were sequentially prepared with the increase of thickness to observe the growth mode clearly. (The bulk layers were deposited under pure Ar, and Ag were deposited on the surface of ZnO:AI for preventing the peeling of films during the sample preparation.)
Bull 1 um
978-1-4244-5892-9/101$26.00 ©201 0 IEEE The XRD patterns of the ZnO:AI films with different Ar to oxygen pressure during the deposition of the seed layer were observed. The sample without a seed layer showed (002) texturing with minor peaks of (101) and (103), and the extent of (002) texturing increased with increasing oxygen pressure. The slope of the 11k vs. k plot (the scattering vector, k = (41t/A)sine) shows a nonuniform distribution of the local strain (MId) [10, 11] . The two peaks of (002) and (004) were fitted using a Lorentzian function. As the oxygen pressure increases, a decrease of the local strain (increase of crystallinity) is clearly shown (Fig. 2) . The resistivity of the ZnO:AI films as a function of the Ar to 02 pressure during the deposition of the seed layer were measured. The resistivities were calculated from the sheet resistance and bulk-layer thickness. (The seed layers deposited in the presence of oxygen flow were highly resistive. For example, the sheet resistance of the seed layer deposited under the conditions of Ar/02 = 911 was -100 k· f· �) As the oxygen pressure increased, the resistivity gradually decreased from 4.7· �0 -4
• -em (no seed) to 3.7· �0 -4
• -em (Ar/02 = 9/1), which was well correlated with the change of crystallinity, as shown in Fig.  2 . The AFM images of the etched ZnO:AI films are shown in Fig. 3 . The etched surfaces show a crater-like structure and an abrupt morphology change appears at high oxygen pressure. Figures 3(a), 3(b) , and 3(c) show that the surface is uniformly covered by craters with a lateral size of -1 IJm. RMS value of the surface roughness gradually increases with increasing oxygen pressure from 72 nm (no seed) to 100 nm (Ar/02 = 1811). However, Fig. 3(d) shows a nonuniform surface morphology that consists of shallow craters and large craters with a lateral size of -3 IJm. Also, the surface roughness shows a high RMS value of 142 nm. Previously, the modified Thornton model was used to describe structural properties and surface morphology for sputter-deposited ZnO:AI films, and a film with high crystallinity was found to result in an irregular etching process [4] . The abrupt change of the etching mode at high oxygen pressure is likely due to nonuniform grain structure and/or the decrease in the number of chemical attack sites by the drastic decrease of grain boundary, as shown Fig. 1 and Fig. 2 The total transmittance and haze values of the etched ZnO:AI films are shown in Fig. 4 . The thicknesses of the seed layer and bulk layer before etching were -80 nm and -1300 nm, respectively. The sheet resistances of all of the films were adjusted to 5.2· El.2 .,. ·by changing the etching time.
The total transmittance increases with increasing oxygen pressure, which is explained by the change in the thickness caused by the difference of the 978-1-4244-5892-9/101$26.00 ©2010 IEEE resistivity. The effective thicknesses after etching (that is calculated from the resistivity before etching and the sheet resistance after etching) gradually decrease with increasing oxygen pressure from -1.5 Jim (no seed) to -1.1 Jim (Ar/02 = 9/1). The haze values increase with increasing oxygen pressure.
Especially, the sample deposited at a flow ratio of Ar/02 = 9/1 shows a very high haze value of 88% at 500 nm, which is explained by the large feature size of the craters, as shown in Fig. 4(d) [3] . The studies about the correlation between texturing morphology and solar cell performance are under way.
